3 Department of Pediatrics, University Hospital and General Hospital of Vienna, A1090 Vienna, Austria; * author for correspondence: fax 31-20-4440305, e-mail N.Verhoeven@ vumc.nl) Arginine:glycine amidinotransferase (AGAT) is the enzyme responsible for the conversion of arginine and glycine into guanidinoacetate (GuAc) and ornithine in creatine biosynthesis. AGAT deficiency was recently described in two patients by Item et al. (1 ) . These two patients [for whom the clinical details were first described by Bianchi et al. (2 ) ] are mentally retarded and have severe creatine deficiency in the brain and decreased urinary GuAc.
Several methods for measuring AGAT activity have been published, but these methods are nonspecific because the measured ornithine formed during the assay can be of different origin (3, 4 ) or they are impracticable because they use radioactivity (1 ). We developed a new method in lymphocytes and lymphoblasts that uses stable-isotope-labeled substrates. We used l-[guanido-15 N 2 ]arginine and [U-13 C, 15 N]glycine as substrates and analyzed the enzyme product [1,2- 13 C 2 , 15 N 3 ]GuAc (after derivatization) by gas chromatography-mass spectrometry using [1,2- 13 C 2 ]GuAc as internal standard. We applied this method to measure enzyme activities in lymphocytes and lymphoblasts of controls and in lymphoblasts from a patient affected with AGAT deficiency.
For lymphocyte isolation, whole venous blood from 16 control individuals was drawn into acid-citrate dextrose and stored at room temperature up to 48 h. Written consent was obtained from each participant.
Lymphoblast lines derived from six control individuals were maintained in RPMI-1640 supplemented with 100 mL/L fetal bovine serum and 10 mL/L penicillin/streptomycin. The lymphoblast lines used in this study as controls were originally obtained for carrier screening. No defect was found, and the samples were anonymized.
Unless otherwise stated, all chemicals and reagents were purchased from Sigma, Baker, Merck, or Pierce. were obtained from Cambridge Isotope Laboratories. [1,2-13 C 2 ]GuAc was synthesized as described previously (5 ) . Lymphocytes were isolated from whole blood with use of Accuspin TM tubes with Histopaque ® (Sigma) and were washed twice with Hanks' balanced salt solution (HBSS; Invitrogen) supplemented with 1 g/L bovine serum albumin and once with HBSS. Lymphoblasts were harvested by centrifugation, and the cells were washed twice with HBSS. Pellets were resuspended in 0.1 mol/L sodium phosphate buffer (pH 7.5) on ice. Cells were lysed by sonic disruption (three times 10 s at standard capacity) using a Soniprep 150 Ultrasonic Desintegrator (MSE). Lysates were centrifuged for 5 min at 4°C and 8800g. The supernatant was used for the enzyme assay after the protein concentration was measured (bicinchoninic acid protein assay; Sigma).
The incubation was carried out in a capped 1-mL vial with 3000 nmoles of l-[guanido- GuAc was added as internal standard, the samples were prepared for analysis of GuAc by gas chromatography-mass spectrometry as described previously (5 GuAc formed during the assay was quantified relative to its 13 C 2 -labeled internal standard. We started with the assay conditions described by Ratner and Rochovansky (4 ), who found a pH optimum of 7.5 for the reaction carried out in 0.1 mol/L phosphate buffer, and used the substrates l-arginine and glycine at a ratio of 10:16. The use of a cofactor was not required.
With the assay conditions described, the production of [ ). l-Ornithine is known to competitively inhibit AGAT in purified form (6 ) and in crude rat kidney homogenates (7 ) . To investigate the effect of l-ornithine in our assay, we performed the assay in the presence of this compound at concentrations of 0.05-30 mmol/L. As shown in Fig. 1 , the enzyme in lymphoblasts was almost fully inhibited at a concentration of 30 mmol/L l-ornithine.
When we performed the assay in the presence of creatine, no effect of creatine (up to concentrations of 5 mmol/L) was observed (results not shown).
The method reported here is very specific because it measures the formation of [1,2- 13 C 2 , 15 N 3 ]GuAc, which can be formed only from both labeled substrates by AGAT. Thus, possible formation of ornithine from arginine by arginase does not interfere. In addition, the method is sensitive and accurate because it uses selected-ion monitoring negative chemical ionization mass spectrometry and the 13 C-labeled internal standard [1,2-13 C 2 ]GuAc in the analysis of product formation.
The reference values for AGAT activity that we found in lymphoblasts are 10 times lower than the activities reported by Item et al. (1 ) . It is possible that their filtration procedure to obtain lymphoblast extracts produced more concentrated enzyme extracts with higher specific activities.
By performing the assay in the presence of various concentrations of ornithine, we confirmed that AGAT is inhibited by ornithine, as reported previously (7 ) . This observation may be of clinical interest in conditions of hyperornithinemia. Decreased brain creatine has been observed in patients affected with gyrate atrophy of the choroid and retina (McKusick 258870). It has been suggested that in this condition the high concentrations of ornithine caused by the inherited deficiency of ornithine-␦-aminotransferase inhibit AGAT and, thus, creatine biosynthesis (8 ) . In addition, in hyperornithinemia-hyperammonemia-homocitrullinuria syndrome, creatine excretion has been shown to be low (9 ) In our in vitro assay, the amount of ornithine formed posed no problem. Inhibition became significant at an ornithine concentration of ϳ0.1 mmol/L (93% remaining activity), whereas during incubations over 20 h, at most 3 nmoles of ornithine were formed (0.015 mmol/L).
It is known that creatine regulates AGAT at the pretranslational level. We investigated whether creatine also inhibits AGAT activity directly. We observed no inhibition of AGAT by creatine at concentrations up to 5 mmol/L.
In conclusion, we present a sensitive and specific enzymatic assay for AGAT that enables enzymatic diagnosis of AGAT deficiency. It may help in the diagnosis of more patients with AGAT deficiency. Early recognition and treatment may effectively prevent neurologic damage (1 ).
